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Antiflow of nucleons at the softest point of the equation of state
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We investigate flow in semiperipheral nuclear collisions at Alternating Gradient Synchrotron and Super
Proton Synchrotron energies within macroscopic as well as microscopic transport models. The hot and dense
zone assumes the shape of an ellipsoid which is tilted by an &hgléth respect to the beam axis. If matter
is close to the softest point of the equation of state, this ellipsoid expands predomioi@htgonalto the
direction given by®. This antiflow component is responsible for the previously predicted reduction of the
directed transverse momentum around the softest point of the equation of state.

PACS numbgs): 25.75.Ld, 12.38.Mh

Transverse collective flow in relativistic nuclear collisions We emphasize that here “antiflow” does not mean the flow
reveals the properties of the nuclear matter equation of staf antiparticles[17], which is an absorption phenomenon,
(EOS far from the ground statiL—9]. In principle, one can nor the low-energyi.e., Efa,=100 MeV/neutron) antiflow
distinguish three different types of transverse collective flow:due to attractive potentia[<.8].
radial, directed andelliptic [5]. Recent data on directed and ~ This antiflow component has an impact on studies of

elliptic flow [10-13 has revived theoretical interest in this ransverse elliptic flow within simplified geometrical overlap
suk')aject[6—8][. 3 models[5,8,19. These studies assume that the longitudinal

Directed flow occurs only in semiperipheral nuclear COI'Eg\llwvtr}ﬁgllser;l(iessgi‘é;oe\;gnih:hvghglehg\?vrs/\;errsceoﬁI?gse'loﬁhﬁu-
lisions, and therefore must be studied in fully+3- P PE, ! p 9

) . . A dinal to transverse flow, and the longitudinal flow no longer
dimensional geometries. The beam axis is in general taken {9

be thez direction, and the reaction plane to be the plane. vanishes everywhere in the transverse plane=a0. The

At BEVALAC energies, the two nuclei “bounce off’ each amount of Iongltudlna_l flow is sensitive to the equation o]‘
= ) - state, as well as the impact parameter and the bombarding
other, giving rise to a positive average momentum

(py(y)/N) per nucleon in the forward directigd]. In mo- e 9V and can only be determined in fully+3
mentum space, the flow of matter can be described in term('jsIrnenSIonal calculations.
pace, In order to measure the EOS, i.e., in fluid-dynamical

of an ellipsoid, defined by the principal axis of the sphericity,[erms the pressurg(e, p) as a function of energy density

tensor{14,1], which is tilted in the reaction plane by an angle R .
@y, With respect to the beam axis. However, the actualand baryon density in the local rest frame of a fluid ele

shape of the distribution of matter in momentum space neeagent’ one st'ud|es th.e t'ransverse' momentum in the reaction
not be ellipsoidal, see below. planep,. This quantity is proportional to the pressure cre-

In this paper we show that the situation is fundamentallyated in the hot and dense collision zdng

different if the equation of state of nuclear matter is softened,

either by a phase transition to the quark-gluon plasma or by PXNJ pA,_dt. (1)

the creation of resonances and stringlike excitations. To this

end, we employ onef2,3] and three-fluid dynamicgd], as  The pressure is exerted over a transverse ar@a. For

well as the microscopic model Ultrarelativistic Quantumincreasing bombarding energy, the flow;p,, first in-
Molecular Dynamicg15]. Within all these models we com- creases, as the compression and thus the pressure grow.
pute thecompletespace-time evolution, starting prior to im- However, at IargeE'['Qb the time span of the collision de-
pact, and including the compression stage as well as the exreases, diminishing the flow again. The flow is thus maxi-
pansion. We demonstrate that, around Alternating Gradienized at some intermediate bombarding energy.
Synchrotron(AGS) energies, the event shape resembles an A phase transition softens the EQ®0,2]. The pressure
ellipsoid, which is tilted by an angl® with respect to the increases slower with andp than in the case without phase
beam axis. Note that this is an angle dnordinate space transition, reducing the velocity of sound. This delays the
unlike ®4,, Which is an angle inmomentum spaceThis  fluid-dynamical expansion considerably, giving the specta-
ellipsoid expands predominantéyrthogonalto the direction  tors time to pass the hot and dense zone, before they are
given by ®; we, therefore, term this flow componeanti-  deflected. One-fluid calculatiori&] therefore show a local
flow. Around midrapidity, the antiflow largely cancels the minimum (at =8A GeV) of the excitation function of the
directed flow from the “bounceoff” of the two nuclgil6]. directed flow per nucleon, defined as
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py" dN\ "t dN/py
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This is the weighted mean transverse in-plane momentum
{(px/N(y)) per nucleon, introduced ii4]. The weight is the 140

net-baryon rapidity distributiordN/dy. In a fluid-dynamical L
context, the mean transverse moment(m/N(y)) is de- 2
fined as §1oo
5 50
fd3xR(x)mNux(x) ®
y

, )

©.775)

f ydng(x)

u,= yv, denotes thex component of the local four-velocity 9 4 6 3 12
field, andmy is the nucleon rest masR.is the zero compo- Time [fm/c]
nent of the net-baryon four curreriR= yp. Here, thermal
smearing is neglected, and it is assumed thatxtikcempo-
nent of the nucleon momentum can be approximated b
myUy. The volume integration is performed over aIIlquid
elementgprojectile and targgtaround a given rapidity. I : :

The ggsjused in our %ie- and thrgee-ﬂuidpcal(?’uIa’[ionsnet_baryorl3O|erlSIty in units of the ground-state density

=0.16 fm * at the end of the time evolution.

includes a first-order phase transition to a quark-gluon
plasma(QGP. The hadronic phase consists of nucleons in- ) ) o )
teracting via exchange of andw mesong21], and of non- ve_locn)_/ arrows for f|.UId elements withir 0.5 units a_troun_d.
interacting, massive pions. The QGP phase is described fidrapidity, since this phenomenon develops at midrapidity,
the framework of the MIT-Bag modéP2] as a noninteract- as dlscus.sed in detail below. Inversion of d[repted flow
ing gas of massless andd quarks and gluons, with a bag ar_ound ml_drapldlty has also_ been found[R8] within the
parameteBY4= 235 MeV, resulting in a critical temperature Microscopic quark-gluon string modg24]. In [25] a had-

T,~=170 MeV. There is a first-order phase transition betweerOnic transport model with strong attractive mean fields for
these phases, constructed via Gibbs’ conditions of phase c§&ryons has been employed, also resulting in antiflow around
existence. midrapidity.

In Fig. 1, we compute the time evolution of the directed In Fig. 2 one observes t_hat _the_hot an_d dense zone as-
flow, pdT/N, in one-fluid dynamics, for a AtiAu collision at sumes the shape of an ellipsoid tilted with respect to the
oA ' kn  beam axis by an angl®. The ellipsoid expands preferen-

impact parameterb=3 fm and collision energyE;, i A : ;
- ; tially in the direction where its surface area is largest(Tf.
=8A GeV. One observes that, due 1o the softening of th.ef.e., orthogonal to the direction of the normal flow. This

EOS in a phase transition to th'e QGP, less dlrgcted flow 'Rauses the antiflow. Moreover, expansion into the direction
produced in theearly compression stage than in a purely

hadronic scenario. In contrast to the hadronic case, where the

FIG. 1. Time-evolution(in the c.m. framg of directed flow,

d'/N, for a Au+Au reaction at & GeV, b=3 fm, with and with-

ut phase transition to the quark-gluon plasiQ&P), calculated in
one-fluid dynamics. The numbers in parentheses denote the mean

05

directed flow remains constant after reaching its maximum, = WY

. as . « 10 F J Y 0.45
in the case of a phase transition, the directed flow decreases = 12fm/c

again. By the time the mean density drops below nuclear 7.5 ¢ N
ground-state densityp?'/N is reduced to=0 MeV. If one 5¢ ‘
follows the fluid evolution even furthefto unphysically o5t

small values of the densityp?"/N becomes negative.

This observation is explained by amtiflow component | :
which develops when the expansion sets in. This phenom- -25} ;
enon is shown in Fig. 2, which is a contour plot of the baryon -5} 5
densityR, with arrows indicating the fluid velocity. Normal 75t
flow (bold arrows is positivein the forward hemisphere, and a5l g
negative in the backward hemisphere, respectively. On the N AN
other hand, antiflowithin arrows is positivein the backward ~10-75-5-250 25 5 75 10
hemisphere, and negative in the forward direction. We show z [fm]

FIG. 2. Net-baryon densitiR (for the same reaction as in Fig. 1;
EOS with phase transitigmtt=12 fm/c in the reaction plane with
Yn the three-fluid model, since the third fluid is by construction velocity arrows for midrapidity |§/| <0.5) fluid elements: Antiflow
baryon-free, the integration covers only projectile and target fluidsis indicated by thin arrows, normal flow is indicated by bold arrows.
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FIG. 3. Evolution of the net-baryon number in momentum space within one-fluid dyn&foiche same reaction as in Fig).1

of normal flow is blocked by the spectato(S&imilar argu- tive component forx<<0. This is the aforementioned cou-

ments led to the prediction of in-plane elliptic flow at high pling of longitudinal and transverse flow in the central plane.
bombarding energiels,6,10.) Note that, atz=0, antiflow The evolution of the distribution of nucleons in momen-
has a negative longitudinal component for 0, and a posi- tum space is depicted in Fig. 3. In this one-fluid calculation,
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FIG. 4. Contour plots oR in the tranverse-y plane at several values af>0 (forward hemisphene

the participants are shifted instantaneously to midrapidity. Irdue to the expansion of the above-mentioned ellipsoid in
the early staget=2.4 fm/c, they can be found aroung  coordinatespace, which proceeds in the direction of maxi-
~0. (For clarity, the Fermi-momentum and the thermal mo-mal surface. The final distribution in momentum space can
menta of the nucleons in the local rest-frame of the fluid areeven be dominated by the antiflow component and, therefore,
not included. At t=4.8 fm/c the normal flow builds up does not exhibit an ellipsoidal shape.

around central rapidities, leading to an “ellipsoidal” distri-  To illustrate the three-dimensional structure of the ex-
bution. The principal axis is tilted with respect to the rapidity panding matter in coordinate space, we also show the baryon
axis by ®4,,=7/4. However, at even later times, an addi- density distribution in the transverse plane at various values
tional orthogonal component, the antiflow, builds up. This isof z (see Fig. 4 The system in the central plane &0
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200 A 1 fluid, no PT
AL O 1 fluid, with PT
@..;;:IZ ..... o) ”“A.‘“ @ 3f (nounify), with PT
A @ 3f (unify), with PT
2 150 FIG. 5. The excitation function of directed
% flow p2"/N for Au+Au collisions at impact pa-
E rameterb=3 fm. Dotted lines are results from a
A o) one-fluid calculation; triangles are for a purely
Z 100 hadronic EQS, circles are for an EOS with phase
5 transition. Solid lines are calculated with the
=y three-fluid model, with(large circleg or without
\ A (small circle$ dynamical unification. All three-
50 fluid calculations are performed with an EOS
with phase transition.
0
2 5

Erab [AGeV]

(upper left panglis symmetric around the reaction plane, Here,p; ; denotes the pressure ", andp the pressure in

confirming the assumption made in simple geometrical overy#». . Equation(5) has already been used [i8] as a mea-

. . unifie
lap models used to study elliptic flonowever, as discussed gyre for the equilibration process.
above, the longitudinal flow doewot vanish atz=0). Fur- Figure 5 shows the excitation function of directed flow

thermore, forz>0 (forward, or projectile, hemispher¢he
system is displaced towards positixe For z=1.275 and
2.475 fm, antiflow is clearly visible as a flow of matter to-
wards negativex. In the most forward plane=6.075 fm,
only spectators remain, which are “cut off” from the central
region and flow mainly in the positive direction.

We have also studied directed flow in the three-fluid
model, with a dynamical local unification procedure. The
three-fluid mode[9] treats the nucleons of the projectile and
target nuclei as two different fluids, since they populate dif-

pd"/N calculated in the three-fluid model in comparison to
that obtained in a one-fluid calculati¢@]. Due to nonequi-
librium effects in the early stage of the reaction, which delay
the build-up of transverse pressure,9], the flow in the
three-fluid model is reduced as compared to the one-fluid
calculation in the AGS energy range. Furthermore, the mini-
mum in the excitation function of the directed flow shifts to
higher bombarding energies. The case without dynamical
unification yields the least amount of stopping and energy

" X . e . deposition, while the one-fluid calculation has instantaneous
ferent rapidity regions in the beginning of the reaction. Thefull stopping and maximum energy deposition. The three-

same hO'F’S for the newly produced particles_ arou_nd midraﬂuid model with dynamical unification lies between these
pidity, which are, therefore, collected in the third fde.Thus,tWO limits; it accounts for the limited stopping power of
t_he tZreg-flmﬁ model accounts for thef nhonequ.'“b”unl]l.S.'tua'nuclear matter in the early stages of the collision and mutual
tion during the compression stage of heavy-ion co IS"Onsequilibration of the different fluids in the later stages. Con-
The coupling between the projectile and target fluids leads tgequently the shift of the minimum is large without, and
a gradual deceleration and is parametrized by free biNaty rather mo’derate with unification '
collisions[26]. y

h i ¢ fluids . . f . hei The three-fluid model predicts a local minimum in the
The unification of fluidsi andj consists of adding their o, itation function of directed flow at bombarding energies

energy-momentum tensors and net-baryon currents in the "Between 10 and 28 GeV, depending on the fluid unifica-
spective cells, tion criterion (5). While measurements of flow at AGS ener-
gies[12] have found a decrease of directed flow with in-
pv BV — TRV © Biy)— N& creasing bombarding energy, a minimum has so far not been
THOOFTO0= Tomned ). NECOTRTO0= imied 0 ghserved. In the three-fluid model with unification, the di-
rected flow exhibits a local maximum BEf5,~40A GeV. If
recent CERN Super Proton Synchrotr@PS experiments
and common values fog, p, p, andu” are obtained from [27] find larger values for the directed flow than at the maxi-
Thied= (€ pP)uru”—pg””, Nies—pu”, and the given mum AGS energy, the existence of a minimum in the exci-
EOSp=p(e,p). The local criterion for unification is tation function of the directed flow due to the intermediate
softening of the EOS would be unambigously proven.
We emphasize that the excitation function depicted in Fig.
5 has been calculated for fixed impact parambtevhich is
not directly measurable in an experiment. Usually the

it
%w.g. 5)
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FIG. 6. Mean in-plane momentum per nuclggy /N(y)) as function of rapidityy at various timegdots. The dotted and dashed lines
show the decomposition into flow and antiflow, respectively.

amount of transverse energy or the number of participatinggpower, phase transitions, etc. This should be kept in mind
nucleons are employed as measuresofarssuming that the when considering the different valueskofvhere the directed
interaction volume is given by the geometrical overlap offlow is strongestb,,~4 fm at AGS[28] andb,,~8 fm at

two spheres displaced in thedirection by the amounb. SPS[11]. A detailed study of the impact parameter depen-
However, the above discussion suggests that such a geomence of directed flow, transverse energy production, and
etry is oversimplified. The two nuclei are partly deflectednumber of participating nucleons within the three-fluid
and stopped, and thus do not penetrate as deeply as comodel is in preparation.

pared to the simple geometrical overlap case. Furthermore, it Let us return to the discussion of the antiflow, which de-
is also not obvious that the sanig/E{"™ bin at different  velops also in the three-fluid model at energies around the
bombarding energies corresponds to the same impact paramynimum in the excitation function opf"/N. It leads to a
eter, since the system geometry may change considerabptateau in(p,/N(y)) around midrapidity, which is in clear
due to energy-dependent phenomena like the stoppingontrast to the nearly linear increase observed at BEVALAC
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FIG. 7. In-plane transverse momentum distributions at various} [
energies as calculated in the UrQMD model. Calculations were per-© 8 [
formed using density-dependent Skyrme potentials corresponding C [
to a hard EOS with an incompressibilik~380 MeV. 60 I~ i
energied29]. In Fig. 6, this quantity is shown as a function “wr 5
of rapidity y at different times. Observe that in the late stage [
of the reaction, close to freezeout, the flow aroynr€O is °r
evennegative el B .
We locally decompose the flow into a normal component ~ ° y 0
and an antiflow component Yeus Yewms
normal flowy(x) py(x)>0, (6) FIG. 8. Rapidity distributions of normal flowfull line) and

antiflow (dashed lingat various times.
antiflow:y(x) p4(x)<0. (7)
transport model does not really show a negative slope of

C tly, defi , L
onsequently, we define (px/N(y)) around midrapidity. Unfortunately, measure-

& . ments of (p,/N(y)) at beam energieE=6-11A GeV
pllowanifiow fy XROOMU(X) 0L £y (X) py(X)] cover only the rangg=0.3yp . ms.[31,30. The quantitative
< N ( )> = . value of antiflow at midrapidity thus remains undetermined.
fd"‘xR(x) Besides the transverse-directed momenmﬂ*HN, many
y other measures for the in-plane flow exist, for instance, the

®  slope of (p/N(y)) or (pe/N(Y/Ypear)) at midrapidity, or
The individual componennﬁ);"’W/N(y» and<p§ntiflowlN(y)> their maximum values as a function @f or their values at

are also shown in Fig. 6. The antiflow component developd/beart2 All these measures will yield qualitatively and quan-
from midrapidity after=6 fm/c. According to the definition titatively different results, because flow and antiflow develop

(8), both the normal flow and the antiflow are discontinuousin different rapidity regions, as seen in Fig. 8. In the early
aty=0. The sum of both components yields the total flow,COMPression stage of the reaction the spectators near projec-

ity. central hot and dense zone, producing normal f(&vg. 8,

This phenomenon is not only limited to fluid-dynamical full line). When the expansion of the hot and dense zone sets
models. The plateau around midrapidity(im /N(y)) is also  in, both normal flow and antiflowFig. 8, dashed linede-
visible in the microscopic UrQMD modgl15]. Figure 7  velop around midrapidity. Nevertheless, the antiflow finally
shows the respectivép,/N(y)) for Au+Au collisions at  occupies a broader region around midrapidity than the nor-
various bombarding energies. The flattening around midramal flow, while the normal flow dominates the region near
pidity is more pronounced at larger energy. A similar behav-projectile and target rapidities.
ior has been found in other microscopic mod&3,30. Un- In summary, we investigated transverse-directed flow in
like the fluid-dynamical calculations, the microscopic macroscopic as well as microscopic transport models. For
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the three-fluid model, we find a minimum in the excitation SPS experiments, proves to be larger than at maximum AGS
function of the directed flow at bombarding energies be-energies, the existence of a minimum in the excitation func-
tween 10 and 2@\ GeV, which is somewhat above the value tion of the directed flow would be unambigously proven.
found earlier in one-fluid calculations. The minimum is

caused by a softening of the EOS due to a phase transition to This work was supported by DFG, BMBF, GSI and the
the QGP. An antiflow component was identified as sourcésraduiertenkolledheoretische und Experimentelle Schweri-
for the reduction of the directed flow and discussed in detailonenphysik We thank L. Satarov and I. N. Mishustin for
We also found that the directed flow of nucleons increase@teresting discussions. A. Dumitru also thanks T. Awes
again at higher bombarding energy, leading to a maximum ifirom the WA98 Collaboration for helpful discussions on

the excitation function at energies aroundM@GeV. If the

their data. We are grateful to M. Bleicher and S. A. Bass for

directed flow at this energy, currently investigated by CERN-reading the manuscript prior to publication.
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